Abstract Adenine nucleotides acting at P2X 1 receptors are potent vasoconstrictors. Recently, we demonstrated that activation of adenosine A 2B receptors on human coronary smooth muscle cells inhibits cell proliferation by the induction of the nuclear receptor subfamily 4, group A, member 1 (NR4A1; alternative notation Nur77). In the present study, we searched for long-term effects mediated by P2X 1 receptors by analyzing receptor-mediated changes in cell proliferation and in the expression of NR4A1. Cultured human coronary smooth muscle cells were treated with selective receptor ligands. Effects on proliferation were determined by counting cells and measuring changes in impedance. The induction of transcription factors was assessed by qPCR. The P2X receptor agonist α,β-methylene-ATP and its analog β,γ-methylene-ATP inhibited cell proliferation by about 50 % after 5 days in culture with half-maximal concentrations of 0.3 and 0.08 μM, respectively. The effects were abolished or markedly attenuated by the P2X 1 receptor antagonist NF449 (carbonylbis-imino-benzenetriylbis-(carbonylimino)tetrakis-benzene-1,3-disulfonic acid; 100 nM and 1 μM). α,β-methylene-ATP and β,γ-methylene-ATP applied for 30 min to 4 h increased the expression of NR4A1; NF449 blocked or attenuated this effect. Small interfering RNA directed against NR4A1 diminished the antiproliferative effects of α,β-methylene-ATP and β,γ-methylene-ATP. α,β-methylene-ATP (0.1 to 30 μM) decreased migration of cultured human coronary smooth muscle cells in a chamber measuring changes in impedance; NF449 blocked the effect. In conclusion, our results demonstrate for the first time that adenine nucleotides acting at P2X 1 receptors inhibit the proliferation of human coronary smooth muscle cells via the induction of the early gene NR4A1.
Introduction
Vascular smooth muscle cells possess ligand-gated P2X receptors mediating vasoconstrictor responses to ATP released as sympathetic co-transmitter [1] [2] [3] [4] [5] . The cells also express a variety of G-protein coupled receptors for extracellular nucleotides and its breakdown product adenosine. These G-protein coupled receptors contribute to both the control of the vascular tonus by adenosine and nucleotides [5] [6] [7] [8] [9] and the control of the proliferation of the vascular smooth muscle [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Adenosine is known to inhibit the proliferation of rat and human aortic smooth muscle cells via adenosine A 2B receptors [12, 13, 18, 19] . In a recent study on cultured human coronary smooth muscle cells, we demonstrated that the activation of adenosine A 2B receptors induces the expression of the transcription factor nuclear receptor subfamily 4, group A, member 1 (NR4A1) via an activation of the exchange protein activated by cAMP pathway (Epac [20] ). NR4A1 (alternative notation Nur77) is subsequently involved in the antiproliferative effects mediated by adenosine A 2B receptors as shown by a loss of these antiproliferative effects in cells treated with small interfering RNA (siRNA) against NR4A1 [20] . Previous studies indicate a cellular expression of transcription factors of the NR4A subfamily in human atherosclerotic lesions and an involvement of these transcription factors in regulatory mechanisms during atherosclerosis [21] . Genetically induced overexpression of NR4A1 and drug-induced induction of NR4A1 are known to inhibit proliferation of both arterial and venous smooth muscle cells [21] [22] [23] [24] . In contrast to the effects mediated by adenosine A 2B receptors, activation of adenosine A 3 receptors by the selective agonist 2-chloro-IB-MECA increased the proliferation of cultured human coronary smooth muscle cells [25] . 2-chloro-IB-MECA did not change the expression of NR4A1, but increased the expression of the transcription factors early growth response protein (EGR)-2 and EGR-3 [25] .
The P2X receptor agonist α,β-methylene-ATP [26] [27] [28] failed to affect the proliferation of cultured smooth muscle cells derived from rat aorta [11, 29] . However, culturing of vascular smooth muscle cells has been reported to possibly cause a loss in the expression of P2X 1 receptors [30, 31] . Moreover, coronary smooth muscle cells and myocardial cells are likely to be derived from a common precursor cell [32] , suggesting potential differences of coronary smooth muscle on the one hand and noncoronary vascular smooth muscle on the other hand. Therefore, we now examined the effects of α,β-methylene-ATP and its analog β,γ-methylene-ATP on the proliferation of human coronary smooth muscle cells cultured under conditions suitable to maintain the contractile smooth muscle phenotype [20, 25] . In contrast to α,β-methylene-ATP, β,γ-methylene-ATP has been shown to exert mitogenic effects in rat vascular smooth muscle cells [11, 29] . β,γ-methylene-ATP is degraded to adenosine within a relatively short period of time [7, 33, 34] , suggesting that a part of the effects of β,γ-methylene-ATP is mediated by adenosine receptors [30] . Some of the results have been represented in abstract form [35] and in a dissertation [36] .
Materials and methods
Cell culture Primary human coronary artery smooth muscle cells (HCASMCs) were commercially obtained (PromoCell, Heidelberg, Germany). HCASMCs from two donors (female Caucasians, 36 and 64 years of age) were used for the experiments. Cells were cultured at 37°C and 5 % CO 2 in smooth muscle cell medium (PromoCell) containing 5 % fetal calf serum as well as the growth factors epidermal growth factor, basic fibroblast growth factor, and insulin as supplements.
Real-time RT-PCR For the experiments (passage number three to six), cells were seeded into 24-well plates. Forty hours prior to the experiment, the medium was replaced by serum-free medium without any supplements. In most experiments, cells were incubated for 1 h with compounds.
Cells were then lysed, and total RNA was extracted using a magnetic bead-based RNA extraction kit (Roche, Mannheim, Germany). After reverse transcription of total RNA by random primers (Transcriptor First Strand DNA synthesis kit, Roche), PCR reactions were set up for the Light Cycler 480 instrument (Roche) in 96-well format. Amplification was performed over 45 cycles with denaturation at 95°C for 10 s and annealing/elongation at 72°C for 105 s. The primers used to quantify the early genes have been described previously [20] . For P2X 1 receptor detection, the following pair was used: forward 5′-GTGGGCGTTATCTTCCGACTGATCC-3′ and reverse 5′-TGACTCTTGCACCACGTAGCCAAGC-3′). Crossing point (CP) values were used for measuring cDNA by quantitative PCR using the second derivative maximum method as described previously [20] . The CP value is inversely correlated to the concentration of target cDNA in the sample on a logarithmic scale; drug-induced changes were calculated as delta crossing point (ΔCP) values. The CP values were created by the software of the PCR machine using a standard algorithm provided by the manufacturer. Neither the researcher nor the operator could influence or bias this process. Hence, the CP values are the raw data of this evaluation. The ΔCP values, which are shown in the Results section, were calculated by subtracting the CP value of the housekeeping gene (GAPDH). In pilot experiments, other housekeeping genes were also tested, but there were no relevant differences to the widely used housekeeping gene GAPDH, so that the latter was chosen for the pivotal experiments.
Analysis of cell migration Cells were cultured in smooth muscle cell medium (see above). The 16-well plate for analysis of cell migration (CIM-Plate; Roche) comprises an upper chamber and a lower chamber. The bottom of the upper chamber consists of a microporous polyethylene terephthalate membrane containing gold electrode arrays on the bottom side of the membrane. Cells were seeded into the upper chamber (8,000 per well), and their migration into the lower chamber was assessed by changes in impedance. Cells were treated for 20 h with the test substances which were added to the upper chamber. Platelet derived growth factor (PDGF) (0.1 μg/ml) was present in the lower chamber to direct the cells.
Analysis of cell growth Cells were cultured in smooth muscle cell medium (see above). Twenty thousand cells were seeded into one well of a 24-well plate and 5,000 cells into one well of a 96-well plate designed for measuring changes in impedance. Twenty-four hours prior to the experiment, the medium was replaced by serum-free medium without any supplements. Then cells were treated for 5 days with adenine nucleotides or its solvent (water) in the absence and presence of the test substances. The medium was replaced by fresh medium containing the drugs after 48 h. Thus, by refreshing the test substances, the experiments were not compromised by a potentially limited stability of the agonists and antagonists in cell culture medium. Five days after the start of the experiment, cells were treated with trypsin (PromoCell) and removed from the plate. Then the cells were counted using a Cedex XS counter (Roche) or stained using trypane blue (0.5 %) (Sigma, Steinheim, Germany). In some experiments, changes in impedance in a 96-well plate culture chamber with specialized gold electrodes were determined every 10 min over 5 days as a measure of cell numbers using an xCELLigence system (Roche). The change in impedance reflects the change in cell number; changes over time are given relative to the time point of addition of ligands.
siRNA knockdown In some experiments, cells in 24-well plates were treated with negative control siRNA or siRNA directed against NR4A1 (control siRNA-A, catalog# sc-37007, and Nur77 siRNA h2, catalog# sc-156146, respectively, from Santa Cruz Biotechnology, Heidelberg, Germany). The siRNA directed against NR4A1 was a mixture of three target-specific oligonucleotides, each 19-25 nucleotides in length. The negative control siRNA was a scrambled sequence of the same length that was designed not to lead to a specific degradation of any known human cellular mRNA. The siRNA was used according to the provider's recommendation. In brief, it was dissolved in RNasefree water to yield a concentration of 10 μM. Of this solution, 5 μl per well were diluted with 25 μl medium and mixed with 5 μl transfection reagent (also provided by Santa Cruz Biotechnology) suspended in 25-μl medium. After 45 min at room temperature, this mixture was further diluted in 200 μl cell culture medium and added to the cells 24 h before the addition of agonists.
Chemicals The following drugs were used: adenosine 5′-triphosphate disodium salt hydrate (ATP, Sigma); 8-[4-(4-benzylpiperazide-1-sulfonyl)phenyl]-1-propylxanthine (PSB-601; Biotrend; Cologne, Germany); 4,4',4'',4'''-(carbonylbis (imino-5,1,3-benzene-triylbis-(carbonylimino))) tetrakisbenzene-1,3-disulfonic acid sodium salt (NF449, Tocris, Bristol, UK); α,β-methylene-adenosine 5′-triphosphate lithium salt (α,β-methylene-ATP, Sigma); β,γ-methylene-adenosine 5′-triphosphate disodium salt (β,γ-methylene-ATP, Sigma); 2-(methylthio)adenosine 5′-diphosphate trisodium salt hydrate (2-methylthio-ADP, Sigma); platelet-derived growth factor-BB (PDGF-BB; Promokine; Heidelberg, Germany); control siRNA (Santa Cruz Biotechnology); NR4A1 siRNA (Santa Cruz Biotechnology). Stock solutions of drugs were prepared either with distilled water or dimethyl sulfoxide (used for PSB-601). The solvents were added at the desired concentrations to the buffer used for control incubations.
Statistics Results are presented as means ± SEM from n experiments. Differences between means were tested for significance by the Student's t test or (for multiple comparisons with the same control) by an analysis of variance followed by the Bonferroni posttest. P<0.05 or lower was the significance criterion.
Results
Effects of adenine nucleotides on cell proliferation RT-PCR revealed the expression of mRNA encoding P2X 1 receptors in the cultured human coronary smooth muscle cells (Fig. 1a) . Effects of adenine nucleotides on the proliferation of human coronary smooth cells were examined by incubating cells for 5 days with solvent (water) or adenine nucleotides in the absence of serum, insulin, and other growth factors. ATP (3 and 10 μM) inhibited cell proliferation (measured as cell counts) by about 15 % after 5 days of culturing (P<0.001; not shown). The metabolically more stable analogs α,β-methylene-ATP and β,γ-methylene-ATP were used for further experiments. α,β-methylene-ATP (Fig. 1b) and β,γ-methylene-ATP (Fig. 1c) reduced proliferation by up to 50 % in a concentration-dependent manner in the absence of PDGF (open symbols and dashed lines in Fig. 1b, c) . The half-maximal effect was reached at about 0.3 μM α,β-methylene-ATP and 0.08 μM β,γ-methylene-ATP, respectively. Neither treatment with α,β-methylene-ATP nor treatment with β,γ-methylene-ATP increased the number of trypan blue positive cells (not shown). PDGF (0.1 μg/ml) increased the proliferation of the cells by about 120 % (legend to Fig. 1 ). In the presence of PDGF (0.1 μg/ml), the inhibitory effect on proliferation of α,β-methylene-ATP or β,γ-methylene-ATP was markedly attenuated or even completely abolished (Fig. 1b, c) . Cell proliferation was also studied in a chamber designed to detect increases in impedance as a measure of increases in proliferation. α,β-methylene-ATP decreased the proliferation observed in the absence of that drug (control) after 36 h of treatment (Fig. 2a) . In contrast, PDGF increased proliferation in respect to control experiments (Fig. 2a) . As a further positive control, the P2Y receptor agonist 2-methylthio-ADP (100 nM and 1 μM [37] ) was used. This compound also increased the impedance as a measure of proliferation of human coronary smooth muscle cells (Fig. 2b) . Next, the interaction of α,β-methylene-ATP and β,γ-methylene-ATP with the P2X 1 receptor-selective antagonist NF449 (100 nM and 1 μM [38] ) was studied. NF449 itself did not affect cell proliferation (legend to Fig. 3 ) but markedly attenuated or completely abolished the inhibitory effects of α,β-methylene-ATP and β,γ-methylene-ATP on cell proliferation (Fig. 3) . This is in line with the assumption that vascular P2X 1 receptors are involved in this response. Previously, we have demonstrated that adenosine analogs inhibit the proliferation of human coronary smooth muscle via A 2B receptors [20] . The A 2B receptor antagonist PSB-601 (1 μM) [39] did not affected responses to α,β-methylene-ATP (Fig. 4a) , but attenuated the effects of β,γ-methylene-ATP (Fig. 4b) . This suggests that a portion of the effect of β,γ-methylene-ATP is mediated by the breakdown product adenosine. PSB-601 (1 μM) itself did not change cell counts (legend to Fig. 4) .
Involvement of the transcription factor NR4A1 The induction of NR4A1 has been shown to play a crucial role in the inhibition of proliferation of vascular smooth muscle cells [20] [21] [22] [23] [24] . Therefore, we analyzed effects of nucleotides on the expression of the early gene NR4A1. In the absence of PDGF, both α,β-methylene-ATP and β,γ-methylene-ATP (Fig. 5) induced the expression of mRNA encoding NR4A1 when the nucleotides were applied for 30 min to 4 h. In contrast, transcription factors of the EGR family were not induced by α,β-methylene-ATP and β,γ-methylene-ATP (not shown). All subsequent experiments on gene expression were performed with an incubation period of 1 h. PDGF (0.1 μg/ml) also induced the expression of NR4A1 (not shown). In the presence of PDGF, α,β-methylene-ATP and β,γ-methylene-ATP did not increase the expression of NR4A1 beyond the effect of PDGF alone (not shown). Concentration-responses curves for α,β-methylene-ATP and β,γ-methylene-ATP inducing the expression of mRNA for NR4A1 in the absence of PDGF are summarized in Fig. 6 . The P2X 1 receptor antagonist NF449 itself did not change the expression of NR4A1 when used at the concentrations of 100 nM and 1 μM (legend to Fig. 6 ). NF449 (100 nM and 1 μM) abolished the increases in expression of mRNA for NR4A1 in response to α,β-methylene-ATP (Fig. 6a) and attenuated the responses to β,γ-methylene-ATP (Fig. 6b) .
Knockdown of NR4A1 Next, we studied the involvement of NR4A1 in the effects of adenine nucleotides on cell proliferation by using siRNA directed against NR4A1. Cells were pre-incubated with siRNA (10 μM) directed against NR4A1 24 h before the addition of the agonist; nonsense siRNA served as negative control. NR4A1 is a transcription factor and an early gene which triggers further events (proliferation inhibition here). This does not require permanent expression of NR4A1. In fact, the expression level (mRNA) decreases again at 2 h after onset of stimulation (Fig. 5) , even if the agonist is further present. Due to this transient presence of NR4A1 mRNA, expression of NR4A1 protein was measured early (1 h) after the onset of agonist stimulation. It was observed that in the presence of control siRNA, NR4A1 protein was strongly induced by α,β-methylene-ATP, whereas no NR4A1 protein expression due to α,β- and presence of PDGF (0.1 μg/ml). Cells were cultured for 5 days in serum-free medium with the agonists indicated and, when used, PDGF. Then the cell count was determined using the Cedex XS counter and expressed as percentage of respective values without an agonist (control, CON; b without PDGF, 124,579 ± 3,707 cells/ml, n = 6; with PDGF, 200,462 ±7,818 cells/ml, n =6; c without PDGF, 129,644 ±8,081 cells/ml, n=6; with PDGF, 216,468±9,237 cells/ml, n=6). Data points are means ± SEM from four to eight determinations. *, **, *** P<0.05, 0.01 and 0.001 versus vehicle control; # P<0.05 versus response in the absence of PDGF methylene-ATP was observed in the presence of siRNA against NR4A1 (Fig. 7a) . Knockdown of NR4A1 alone did not affect cell proliferation; it remained at the same level as with control siRNA (10 μM; legend to Fig. 7) . However, siRNA knockdown of NR4A1 attenuated the effect of α,β-methylene-ATP on cell proliferation (Fig. 7b) and blocked the effect of β,γ-methylene-ATP (Fig. 7c) .
Effects on migration of coronary smooth muscle cells Finally, we studied the effects of α,β-methylene-ATP on cell migration by measuring changes in impedance in a two-chamber wells over 20 h (see "Materials and methods" section). Migration was directed towards the lower chamber by the addition of PDGF to the latter. α,β-methylene-ATP inhibited cell migration in a concentration-dependent manner by up to about 30 % (P<0.001, Fig. 8 ). NF449 (1 μM) abolished the inhibitory effects of α,β-methylene-ATP on cell migration (Fig. 8) .
Discussion
The present study shows for the first time that adenine nucleotides inhibit the proliferation of human coronary RT-PCR revealed the expression of mRNA encoding P2X 1 receptors in cultured human coronary smooth muscle cells in agreement with the presence of mRNA encoding P2X 1 receptors in rat coronary arteries [40] . The presence of functional receptor protein could be demonstrated by using the highly selective ligand NF449. NF449 is the most selective P2X 1 ligand available [41] . It was developed and thoroughly investigated in recombinant rat P2X receptors by Rettinger et al. [42] . The following IC 50 values were obtained: 0.3 nM, 0.7 nM, 0.3 μM, 1.8 μM, and >300 μM for rP2X 1 , rP2X 1+5 , rP2X 2+3 , rP2X 3 , and rP2X 4 receptors, respectively. These data indicate that there is factor 1,000 between IC50 for P2X 1 (0.3 nM) and IC 50 towards the P2X type with the highest affinity not carrying a P2X 1 subunit, namely P2X 2+3 (0.3 μM). NF449 can probably not distinguish between P2X1 and the heteromeric receptor P2X 1+5 . But even the presence of P2X 1+5 heteromeric receptor would demonstrate the functional expression of P2X 1 protein in the HCASMCs used. No such extensive affinity data are available for the human P2X receptors, but the same group [38] reported an IC 50 of 0.05 nM for hP2X 1 as compared to 40 μM for hP2X 7 . This is in high agreement with the situation in rats. In our experiment, the effects of α,β-methylene-ATP on proliferation and gene expression were virtually completely blocked by 100 nM NF44. This clearly argues against a major involvement of P2X receptors other than P2X 1 or P2X 1+5 . In case of β,γ-methylene-ATP, the inhibition by NF449 was incomplete, but the situation here is different. It is known that β,γ-methylene-ATP is less stable than α,β-methylene-ATP, and therefore part of the former was degraded to adenosine as revealed by our experiments, using the adenosine A 2B receptor antagonist PSB601. The prototypic P2X receptor agonist α,β-methylene-ATP and its analog β,γ-methylene-ATP caused both an inhibition in proliferation and an increase in the expression of the transcription factor NR4A1. The nucleotides acted with halfmaximal concentrations in the submicromolar range compatible with an action on P2X 1 receptors. The interaction with the selective P2X 1 receptor antagonist NF449 used at the low concentrations of 100 nM and 1 μM [38, [41] [42] [43] clearly characterizes the involved subtype as P2X 1 receptor as discussed above. Rat coronary arteries express P2X 4 receptors [43, 44] in addition to P2X 1 receptors. P2X 4 receptors are, however, less sensitive to stimulation by α,β-methylene-ATP [26, 27, 44] and are not blocked by NF449 in concentrations up to 30 μM [43] . This argues against an involvement of P2X 4 receptors in the observed responses of human coronary smooth muscle cells to α,β-methylene-ATP. Previously, a loss in expression of P2X 1 receptors has been shown in cultured vascular smooth muscle cells [30, 31] .
The maintenance of expression and function of P2X 1 receptors in our experimental system may be due to the culture conditions used and correlates with the continuous expression of smooth muscle α-actin in these cultured cells [25] . There is the possibility that P2X analogs, which are ATP derivates, become degraded to adenosine via 5′-nucleotidases located on the surface of the cells. However, α,β-methylene-ATP will be converted to α,β-methylene-ADP in a first step, and the latter compound is a highly potent inhibitor of 5′-nucleotidases [45] , so that degradation of α,β-methylene-ATP to adenosine is prevented. In contrast, β,γ-methylene-ATP could be at least in part converted to adenosine, and this would explain our finding depicted in Fig. 4 that the adenosine A 2B receptor antagonist PSB601 can inhibit the effect of β,γ-methylene-ATP on proliferation but not the effect of α,β-methylene-ATP.
In contrast to the inhibition of proliferation due to the activation of P2X 1 receptors as observed in the present study, P2Y receptor subtypes including P2Y 2 , P2Y 6 , and P2Y 12 receptors mediate increases in proliferation of vascular smooth muscle cells [5, 11, 29, 30, [46] [47] [48] [49] [50] [51] . In cultured human vascular smooth muscle cells pretreated with thrombin, the agonist 2-methylthio-ADP induced mitogenic effects by an action on P2Y 12 receptors [50] . In agreement with these findings, 2-methylthio-ADP also increased the proliferation of cultured human coronary smooth muscle cells in our present experiments.
Our present study provides direct evidence for a signaling of P2X 1 receptors in human coronary smooth muscle cells via the transcription factor NR4A1 (alternative notation Nur77) to inhibition of proliferation. First, α,β-methylene-ATP and β,γ-methylene-ATP induced the expression of the early gene NR4A1 in a manner sensitive to blockade of P2X 1 receptors by the selective antagonist NF449 [38, 42, 43] . And secondly, knockdown of the NR4A1 by treatment of cells with siRNA directed against the NR4A1 sequence attenuated the inhibitory effects of α,β-methylene-ATP and β,γ-methylene-ATP on cell proliferation. Interestingly, stimulation of cells by PDGF abolished or attenuated the effects of the nucleotides on both increases in NR4A1 expression and inhibition of cell proliferation. This contrasts with the adenosine A 2B receptor-mediated inhibition of proliferation of human coronary smooth muscle cells. The adenosine A 2B receptor-mediated inhibition of proliferation was observed in the presence and not in the absence of PDGF [20] . The responses to stimulation of adenosine A 2B receptors differ in intracellular signaling; they are mediated by increases in intracellular cAMP and a subsequent activation of EPAC, followed by the induction of NR4A1 [20] . Increases in intracellular Ca 2+ concentration followed by an activation of Ca 2+ /calmodulin-dependent protein kinase IIδ 2 and an expression of myocyte-enhancer factor 2 have recently been shown to serve as an alternative signaling pathway for the induction of NR4A1 in vascular smooth muscle cells [52] (see also ref [53] ). Activation of the P2X 1 receptors is known to increase intracellular Ca 2+ concentration in vascular smooth muscle cells [3, 5] and is, therefore, likely to signal via the Ca 2+ -sensitive pathway. The nucleotides α,β-methylene-ATP and β,γ-methylene-ATP did not affect the viability of the cells as indicated by trypane blue staining, arguing against direct toxic effects of the adenine nucleotides used.
As with proliferation, migration was also inhibited by α,β-methylene-ATP, and this effect was again reversed by NF449, so that P2X1 receptors are obviously involved. PDGF was present in the migration experiments in order to direct the cells towards the lower chamber of the migration apparatus (Roche xCELLigence system). Thus, PDGF directs but does not induce migration because in the latter case, the presence of PDGF in the upper chamber (where the cells are located at the beginning of the experiment) would be necessary. Therefore, our findings in regard to migration do not contradict the observations made with proliferation, where α,β-methylene-ATP did affect the PDGF-mediated effect.
We observed a further effect of α,β-methylene-ATP on cultured human coronary smooth muscle cells mediated by P2X 1 receptors. α,β-methylene-ATP inhibited with a halfmaximal concentration of about 0.1 μM the migration of the cells. P2Y receptors including the P2Y 2 , P2Y 6 , and P2Y 12 subtypes mediate the opposite effect-an increase in migration [54] [55] [56] [57] [58] [59] . Migration facilitated by the activation of P2Y 2 receptors involved the ERK1/2 as well as the arrestin2 pathway [54, 58] . Interestingly, migration induced by P2Y 12 receptor stimulation has been proposed to play a major role in transplant arteriosclerosis [57] . In agreement with that Fig. 8 P2X receptor-mediated inhibition of migration of human coronary smooth muscle cells. Cells were cultured for 20 hours (20 h) in serum-free medium with the agonist α,β-methylene-ATP at the indicated concentrations and, when used, the P2X 1 receptor selective antagonist NF449 (1 μM). Migration was determined using the xCELLigence system and expressed as percentage of relative changes in impedance (control, CON). Data points are means ± SEM from six determinations. *** P<0.001 versus vehicle control # P<0.0 versus response in the absence of the antagonist notion, treatment of animals with clopidogrel reduced the progression of arteriosclerosis in a murine aortic allograft model [60] .
Proliferation and migration of vascular smooth muscle are involved in the progression of arteriosclerosis. Our present results demonstrate for the first time that the P2X 1 receptor agonist α,β-methylene-ATP inhibits both proliferation and migration of human coronary smooth muscle cells. Blockade of P2Y 12 receptors by antagonists such as ticagrelor [61] or by active metabolites of clopidogrel or prasugrel [62, 63] may direct effects of endogenous adenine nucleotides to inhibition of the progression of arteriosclerosis by an action on smooth muscle P2X 1 receptors.
